This paper will consider two aspects of the evolutionary development of acid-base metabolism in the vertebrates:
H2C03-HCO3-BUFFER SYSTEM Origin
The H2CO3-HCO3-system in vertebrates did not evolve directly from the original forms of life. Organic evolution probably dates back some 109 years.1 Although there may have been small amounts of CO2 present in the atmosphere and CO2 was definitely present in the earth mantle, it is generally accepted that metabolic pathways were anaerobic in nature. This conclusion is based on several lines of evidence. The primitive atmosphere contained no free oxygen and any free oxygen formed from the photolysis or electrolysis of water could not have accumulated in the reducing atmosphere present at that time. If adequate concentrations of molecular 02 in the atmosphere only arose from the metabolic activity of living forms, the original forms must have developed anaerobically.1 Anaerobic metabolic processes in all existing organisms are very similar while oxidative processes are more variable; therefore, anaerobic metabolism would appear to be more primitive.2 Biosynthetic processes requiring 02 commonly have preliminary steps that are anaerobic. The biosynthesis of a number of important biological substances that are 02 requiring in relatively higher forms are carried out by entirely anaerobic mechanisms in relatively simple forms.! It may, therefore, be concluded that 02 dependent energy metabolism was absent in the most primitive forms.
Anaerobic energy metabolism does not involve substantial CO2 production and in the absence of significant metabolic CO2 generation, internal concentrations of CO2 must be negligible. In the absence of substantial internal concentrations of CO2, H2CO3 and HCO.
-cannot be present in substantial concentrations. These two CO2 containing compounds, although possibly present in the body fluids of the most primitive forms presumably did not represent a major buffer system. It appears that the HXCO3-HCO3-system as found in vertebrates did not evolve from the most primitive forms of life.
The evolution of forms capable of producing significant amounts of molecular 02 by means of photosynthesis must have played the major role in the ultimate development of vertebrate CO2 metabolism. It is not possible to estimate in a meaningful way the time of this occurrence. The development of photosynthesis involved the convergence of three more or less independent processes: CO2 fixation, light energy utilization, and molecular oxygen production.' Of these three processes, the generation of molecular 02 was the most decisive with respect to CO2 metabolism. It may be visualized that the 02 evolving mechanisms resulted in a progressive increase in 02 tensions leading to the higher plants and to the widespread development of oxidative evolution. The evolution of animal organisms capable of using 02 for various metabolic processes must have occurred subsequent to the above developments.
Among the major metabolic 02 dependent pathways that developed was energy transduction by oxidation of substrate to CO2 and H20. As a result, intracellular CO2 generation became a quantitatively significant process and the H2CO3-HC03-buffer system became a quantitatively important factor in biological systems.
Primititive vertebrates
Vertebrates probably appeared some 600 X 106 years ago.' These animals were aquatic, and conducted gas exchange in water.
Quantitative analysis of respiratory gas exchange in water-breathing vertebrates suggests that CO2 tensions in the body fluids of these primitive vertebrates were quite low, being less than 5 torr.6 The analysis may be developed as follows:
Given an organism conducting gas exchange in water:
In In terms of patterns of buffering with respect to H2CO during the transition from water to air there are two a priori possibilities:
1. That the same pattern of buffers was maintained during the transition. This possibility might require the development of additional mechanisms for dealing with the augmented levels of body CO2 associated with aerial gas exchange.
2. That a new pattern of body buffers evolved to meet the new levels of CO2-It will become apparent that the first possibility is the more likely one (see below).
Plasmia. CO2 tensions and HCO-concentrations in existing vertebrates
Existing vertebrates might be expected to, and do demonstrate a pattern of plasma CO2 tensions and HCO,-concentrations that is in agreement with the theoretical considerations outlined above. As shown in Figure 1A and Figure 1B , there is a bimodal distribution of CO2 tensions and HCOrconcentrations.8 Vater-breathing forms generally have plasma CO2 tensions less than 5 torr and HCO-concentrations less than 10 mEq/L whereas air-breathing forms generally have CO2 tensions greater than 10 torr and HCO3-concentrations greater than 20 mEq/L. In this respect, the Amphibia represent a key group both because some members are aquatic and others are air breathers, and also because there are forms that during larval life are aquatic and during adult life are terrestrial. It may be noted from Figure 1A that the aquatic tadpole has a pCO2 less than 5 torr while the pCO2 of the frog is approximately 20 torr.
This does not imply that every aquatic vertebrate (individual or species) has a low CO2 tension and every terrestrial vertebrate (individual or species) has a high CO2 tension. Aquatic vertebrates living in water with high ambient CO2 tensions wvould obviously have high body fluid CO2 tensions. Terrestrial species under unusual conditions of temperature or with unusual mechanisms for ventilatory regulation might conceivably have CO2 tensions less than 5 torr. Any apparent exceptions must reflect the operation of the physical-chemical mechanisms involved in vertebrate gas ex- change as influenced by environment or regulation. Although there may be exceptions to the bimodal distribution of CO2 tensions among vertebrates, the remarkable fact is that exceptions are relatively rare! Vertebrate blood CO2 titration (dissociation) cu(rves CO2 titration curves define the changes in total CO2, HCO3-or H+ concentration that occur as a result of alterations of pCO2. In acute studies, these changes occur as a result of buffering of H,CO3 in body fluids. Such curves have been obtained in vitro and in vivo on whole blood over the entire vertebrate range of CO2 tensions and are generally represented graphically by plotting total CO2 or [HCO3-] as a function of pCO2.
As indicated in Figure 2 the form of these curves is quantitatively similar among all vertebrates, consisting of an initial portion (pCO2, 0 torr to approximately 10 torr) with a relatively steep slope followed by a portion with a less steep slope (pCO2's of 10 to 150 torr).
-' It may be concluded that the general pattern of blood and body buffering of H2C03 is similar among aquatic and air-breathing vertebrates.
The shape of CO2 titration curves is determined by the nature and amount of buffers available in the body fluids. Therefore, the similarity of shape implies that the buffer composition of body fluids is fundamentally similar among all vertebrates. [BH+]
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pCO2-(Eq. 8) These workers showed that the typical characteristics of mammalian in vitro CO2 titration curves were reproduced by buffer solutions with a pK between 7 and 8 at a concentration similar to concentrations of such buffer groups present in hemoglobin. Indeed, using a simple solution consisting of 0.02 M NaHCO3, 0.025 M 4-methyl-imidazole and 0.025 M 4-methylimidazole hydrochloride (pK'=7.4) a relationship between pCO2 and HCO3-was demonstrated that closely parallels mammalian in vitro titration curves (Fig. 3 ).
It appears likely that the basis for the similarity of vertebrate CO2 titration curves is the presence of appropriate concentrations of buffers in blood and body fluid with pK values -7. In addition to organic and inorganic phosphate, buffers with a pK of 7 are essentially limited to proteins containing imidazole residues and free aamino groups. This point is illustrated in the data shown in Table 1 to ionization of a carboxyl and carboxyl groups; pK values of approximately 7-8 related to imidazole (histidyl) and aamino groups; and high pK values >8.5 related to e-amino, phenolic, and guanidyl groups.
It is possible to construct the CO2 titration curves that result from buffers with various pK values. Figure 4 shows calculated CO2 titration curves taken from Edsall and Wyman in 0.06 M buffers with pK values of 6, 7.8, and 9. We may consider the physiological consequences of each of these curves.
Considering the lowermost curve (pK = 6.0) it may be noted that the curve, although essentially linear, has a small slope which is largely produced by an increase in dissolved gaseous CO2. This relationship would involve several profound disadvantages. The animal would be acidotic at almost any pCO2 value. There would be essentially no generation of HCOr-in response to conditions associated with increased CO2 tensions without high concentrations of buffer with such low pKa values. Apart from the question of survival at these low pH values, the transport and excretion of metabolically generated CO2 would pose great problems. Considering the uppermost curve (pK = 9), it may be noted that the initial portion (pCO2<5 torr) has a sharp ascending slope, but that over the remainder of the curve there is progressively less change in total CO2 concentration. It is clear that substantial variations in CO2 content of the solution only occur at pCO2 values < 5 torr. The 
KH2CO3
primarily influenced by changes in temperature. aCO2 falls with a rising temperature and assuming that imidazole represents the major blood buffer, KB-increases with increasing temperature. As a result, the amount of KH9CO3 HC03-generated at any pC02 decreases with increasing temperature. Figure 5 shows the calculated effect of changing temperature on the CO2 titration curve obtained on 0.06 M imidazole solution from 00 to 40°C. in a system where all HCOr-is derived from buffering of H2CO3. It may be noted that the general shape of the curve is unaffected by temperature; that as temperature increases, less HCO3-is generated at any pC02 and that the difference in HCO3-concentration as a function of temperature increases with increasing pC02s. It appears that as homothermic vertebrates with relatively high body temperatures evolved, the simple chemical *A very large increase in concentration of buffer compounds with pK 6.0 might accomplish CO3 transport; however, this would involve major changes in osmotic relations as well as in protein structure.
The elegant unitary nature of these relationships is demonstrated by the fact that C02 transport in tissues and in respiratory exchange units not only depends on the shape of the C02 titration curve but also is facilitated by the isohydric shift; that is, it depends on the fact that oxygenated hemoglobin is a stronger acid than reduced hemoglobin. In the lung, the shift in pH as hemoglobin becomes oxygenated provides H+ which combines with red cell HC03-: H+ + HC03-H2CO2 Z± C02 + H20.
This provides C02 for diffusion from the animal to the ambient environment. It is generally accepted that the isohydric shift is related to changes in the ionization of histidyl residues. Thus, the same amino acid accounts for both the favorable shape of the C02 titration curve and for providing adequate C02 for respiratory excretion. buffering of H2CO3 became relatively less efficient than was true in cold blooded animals and gave rise to the requirement for additional regulatory mechanisms involving the relationship between H2CO3 and HCO3-in body fluids.
Consideration of the quantitative aspect of HCO3-generation from CO2 in living forms suggests that any CO2 titration curve can be separated into two components. One component is, of course, the HCO3-generated by buffering of protons within the organism. The other component is the addition (or subtraction) of HCO3 produced by regulatory mechanisms or metabolic changes. This separation can be quantitatively accomplished by the Edsall-Wyman analysis. For example, the calculated changes produced in the CO, titration curve on a solution of 0.06 M 4-Me imidazole by the initial addition or removal of NaHCO3 are shown in Figure 6 . It may be seen that such changes do not fundamentally alter the shape of the curve but change the concentration of HC03-found at any pCO,. Regulatory changes involving HCO,-are usually produced by renal mechanisms.
Renal regulatory mechanisms which serve to augment simple buffering of H2CO:i may well have become of great importance as vertebrates became air breathers and as relatively high body temperatures became an important feature of vertebrate existence.
In summary, the shape of blood CO2 titration curves which determines effectiveness in CO2 transport and excretion is largely determined by the pK of blood buffer systems. The absolute values of HCO3-produced at equilibrium at any CO2 tension depend upon a number of additional factors (temperature, metabolic regulation) none of which greatly affect the shape. The survival of vertebrates required adequate concentrations of buffers vith pK values -7 which are primarily found in proteins with imidazole residues and free a amino groups. The similarity of CO2 titration curves in existing vertebrates suggests that this common pattern of buffer protein composition is an evolutionary heritage occurring early in vertebrate or even pre-vertebrate development.
TEMPERATURE-pH RELATIONSHIPS IN VERTEBRATES
Temperature is one of the most familiar and important physico-chemical variables. The evolution of vertebrates involved a change from poikilothermic animals whose body temperature varied with the ambient temperature to homothermic animals with a relatively constant and relatively high body temperature. As a consequence, the body temperature of existing vertebrates spans a range of approximately 00 to 420C. Early studies in this area involved in vitro measurements of blood pH as a function of temperature. It was demonstrated that for mammalian blood, a rise of 1°C. was associated with a fall in measured pH of 0.014 pH units." A more recent study of the effect of changes in temperature in a poikilothermic vertebrate, the pond turtle (P. Scripta elegans) showed that the same relationship between temperature and pH ApH --0.014 was not only true of blood whose temperature was manipulated "in vitro" but was likewise true of the blood of the animal as it existed "in vivo" at different temperatures.' These studies were extended by Rahn who noted that the same relationship held for a variety of poikilothermic vertebrates including fish, amphibia, and reptiles. Of particular note was that at a temperature of 370C., the blood pH of these animals was approximatelv 7.4, a value similar to the pH of homothermic man. ' In attempting to define the meaning of these observations, Rahn noted that the relationship between pH and temperature in the various species studied could be described by a line whose slope was equal to that of the line defining the relationship between temperature and pN where pN = Y2 pK, and K, is the dissociation constant of H20. Since pOH =p pH, a plot of pOH against temperature produced a line that was likewise parallel to the pN line (Fig. 7) . On It therefore requires only the presence of a buffer system with a pKA of 7 to give rise to the observed relationship. Since it has been shown above that proteins with a pK 7 are responsible for the vertebrate CO2 titration curve, it seems reasonable that these proteins are likewise responsible for the observed relationship between temperature and pH in vertebrates.
To test this hypothesis, pH was measured as a function of temperature in a number of simple solutions. These included protein-free buffered fluid (urine); 5% Bovine Serum Albumin (BSA), and 5%o BSA with 0.025 M NaHCO3 equilibrated with 5% CO2.'
The values found are superimposed on the data obtained by Rahn (Fig.  8) . It may be seen that the protein-free fluid does not exhibit the relationship between pH and temperature found in vertebrate blood. However, a solution containing 5%o BSA alone has properties qualitatively similar to those described by Rahn. Solutions containing 5%7o C02-.025 M NaHCO3-5%o BSA qualitatively and quantitatively reproduce the Rahn relationship between pH and temperature.
It should be pointed out that in homothermic vertebrates plasma pH may be regulated at a "constant" value in the face of changes in temperature. This is suggested by the finding that hibernating mammals maintain an arterial plasma pH of 7.4 (measured at body temperature) despite a sharp decrease in body temperature." This evidence of additional regulatory mechanisms may be considered analogous to the ability of renal mechanisms in some vertebrates to modify the blood CO2 titration curve.
The precise physiological function served by the temperature-pH relationship is not clear. Nor is it clear whether this relationship represents (as proposed by Rahn) active "defense" of H+/OH-ratios or whether it represents a physical-chemical "happening." However, it appears that the relationship depends ultimately on the presence of suitable proteins carrying groups with a pK of -7. It thus appears likely that as in the case of the CO2 titration curve, this common protein pattern developed early in vertebrate evolution (or in pre-vertebrate forms) and is responsible for the common relationship between temperature and pH found in blood of many existing vertebrates.
SUMMARY
The concept that pathways of energy transduction and protein structure are fundamental determinants of biological function is scarcely new. The present studies outline the specific operation of these factors with respect to some aspects of the evolution of acid-base regulation in vertebrates. The development of electron chain 02 consumption resulted in substantial intracellular CO2 generation. As a result the H2C03-HC03r system became important and the problem of CO2 disposal developed. Early vertebrates were aquatic gas exchangers and, therefore, must have had low CO2 tensions, low HCO3-concentrations and relatively high non HCO3-anion concentrations in extracellular fluid. The transition to a terrestrial life with attendant air breathing resulted in high C02 tensions, high HC0O-concentrations and lower non HC03-anion concentrations in extracellular fluid. Two important aspects of acid-base metabolism, the CO2 titration curve and the relationship between temperature and blood pH, appear to be similar in existing vertebrates. The similarity is based on appropriate concentrations of protein buffers with pK values -7. It is suggested that this similarity is based on a common protein pattern that developed in the earliest vertebrates or even in earlier biological forms.
